A convective flow system is engendered when two liquid droplets, or a liquid droplet and a solid surface, are maintained at different temperatures. Such flows give rise to Marangoni forces which under proper conditions prevent droplet coalescence, cause fluid motion, and dewetting. We present a study of adsorbed and applied fluid movement on a solid surface driven by surface tension gradients created by thermal gradients. Flexible control over the silicone oil and 1,3,5-trinitrotoluene movement is accomplished with an array of individually controllable gold thin film thermal elements on a fused silica substrate surface. We thus demonstrate unlimited fluid movements in one dimension.
(Received 12 July 2004; accepted 13 September 2004)
A convective flow system is engendered when two liquid droplets, or a liquid droplet and a solid surface, are maintained at different temperatures. Such flows give rise to Marangoni forces which under proper conditions prevent droplet coalescence, cause fluid motion, and dewetting. We present a study of adsorbed and applied fluid movement on a solid surface driven by surface tension gradients created by thermal gradients. Flexible control over the silicone oil and 1,3,5-trinitrotoluene movement is accomplished with an array of individually controllable gold thin film thermal elements on a fused silica substrate surface. We thus demonstrate unlimited fluid movements in one dimension. Temperature gradients ͑⌬T͒ at interfaces are at the heart of many intriguing phenomena, such as those involved in the camphor particles dance 1 when dropped on a water surface, in Thomson's original work 2 with tears of wine, and in the common observation of survivance of a coffee drop at the surface of the liquid coffee for times proportional to the thermalization time before coalescing with the bulk of the liquid. 3 In a nonconvective context, for example, Knudsen forces arise due to a temperature inhomogeneity at a solid surface with respect to the surrounding media inducing a flow. 4 Another interesting flow system, caused by temperature gradients, is due to thermocapillary effects which arise between a liquid droplet and a solid surface. 5 Under these conditions, that is, in the presence of a surface tension gradient, it is well known that fluids on the surface can be laterally transported; this surface-tension-driven fluid motion is called the Marangoni effect. 5 The surface energy (energy associated with the surface modes) of pure fluid decreases with increasing temperature, and though coalescence results in reduction of surface area, it does not always occur. Several recent numerical and experimental work dedicated to explicit studies of the involved forces have been carried out (see, for example, Monti, Savino, and Alterio, 6 Dell'Aversana, Tontodonato, and Carotenuto 7 and the references therein. Our work was motivated by a need for transporting and concentrating nano-liter amounts of fluids over a relatively larger area for delivery to a microcantilever-based sensor for the detection of 1,3,5-trinitrotoluene (TNT) and other common explosives. 8 If a 1 cm 2 area microfluidic device acts as a preconcentrator and is coupled to a microcantilever sensing device whose typical surface area is only about 10 −4 cm 2 , the combined microelectromechanical system (MEMS) would increase the sensitivity of a stand-alone microcantilever by a factor of 10 4 by effectively increasing the "cross section" of the molecule-sensor event. In a broader sense, the need for a cost-effective and flexible microfluidic device that can readily manipulate nano-liter and pico-liter amounts of fluids is increasingly important as many fields of science explore the nanometer regime. Popular methods for handling microfluids employ a physical flow path such as microchannels 9 or hydrophilic/hydrophobic patterns. [10] [11] [12] All physical paths have the drawback of a static channel network, limiting the fluid to a predefined route. Our work introduces a system that may be combined with, but does not require, a prescribed fluid route.
Regulating flow actuation in microfluidic systems by nonmechanical means such as modulating the surface tension, has recently drawn attention. A surface tension gradient can be created by several approaches including composition, chemical, 13, 14 electrochemical, 9, 10 thermal, 15, 12 photochemical, 16 and optical. 17 Composition and chemical gradients usually result in static surface tension heterogeneity. The latter four approaches lend the possibility of a dynamically applied surface tension gradient at one or more specified locations, of which thermal is the most versatile since it does not require special reactant chemical treatment of the surface or moving components. A microfluidic device has been fabricated to create dynamic, microscale, overlapping, surface tension gradients on demand with a controllable array of microscale surface or subsurface thermal elements. The result is the precise placement of locally confined surface tension gradients that make possible the basic microfluidic operations of transport, merge, subdivide, separate, sort, remove (desorb), and capture (adsorb). Transport results when a ⌬T is created directly under the analyte, causing the analyte to move in one direction. Merging occurs when one or more fluids are transported to the same location, causing the analytes to collide into one mass. Subdivision occurs when the (dot or line) heat source, is directly underneath the analyte and a ⌬T radiates in all directions, causing the adsorbate mass to split into two or more smaller masses. Separation occurs when a particular ⌬T is created, that causes only one type of analyte to be transported. Removal transpires when the temperature of the surface directly under the analyte is above its vaporization point; the analyte will evaporate or sublimate off the surface. Capture develops when the temperature of the surface is reduced, and the fluid adsorption onto the surface is enhanced.
The microfluidic manipulator has 50 resistive thermal elements in the form of parallel thin-film gold (Au) lines on a 500-nm-thick fused quartz substrate, shown in Fig. 1 . Quartz was chosen for its low thermal conductivity ͑1.4 W / m 2 K͒, thus permitting highly localized ⌬T. The thermal lines are 10 m wide, 400 nm thick, 5.5 mm long, at a 110 m pitch, having a resistance of 100 ⍀, and terminate in contact pads for electrical connections. For pattern a)
Author to whom correspondence should be addressed; electronic mail: farahirh@ornl.gov transfer onto the quartz wafer, conventional semiconductor processes included contact photolithography, electron-beam physical vapor deposition, and lift-off. Once the contact pads were wire bonded to a chip carrier, the microfluidic device, now on a chip, was plugged into a specially designed printed circuit board that interfaced with a control system. The control system selected individual or multiple heater elements and then applied voltage pulses defined by amplitude, width, and repetition rate. A 30 fps charge coupled device (CCD) camera fitted with a 10ϫ microscope objective was positioned over the area of interest for visual acquisition.
As a demonstration, a 2-mm-diam drop of silicone oil (SO) was applied on the surface of the device. In the left column of Fig. 2 a small droplet of SO of about 100 m diameter, Fig. 2(a) , was subdivided from the larger drop of SO by controlling the thermal elements. A SO drop directly over a thermal element will be subdivided by the ⌬T created by heating the thermal elements. A pulse of 20 V, 300 mA, and 10 ms width was required to transport the SO droplet for at least 110 m. After the first pulse the droplet is transported around 50% of the maximum distance for that pulse. A few subsequent pulses at a 100 ms period transported the SO droplet 50% further. After about ten pulses the SO droplet is disturbed but does not change position. Longer initial transport distances were observed for pulses of greater magnitude or longer duration. However, the overall surface temperature must be kept below the vaporization point of the fluid. A pulse width of 10 ms was chosen since our simulations (finite-element solution of the heat transport for the geometry depicted in Fig. 1 ) predicted that after about 5 ms no further increase in the magnitude of ⌬T is observed. Furthermore, experimental observation showed pulse widths longer than 50 ms evaporated fluids of low vapor pressure rather than create the intended surface-tension driven flow. Thus, a series of short pulses maximizes ⌬T while minimizing the overall surface temperature. In Fig. 2(a) , the thermal element immediately to the left of the SO droplet is pulsed to cause the droplet to move approximately 50 m to the right.
The resulting displacement is shown in Fig. 2(b) . The CCD camera records this movement in one 1 / 30 s frame; the estimated translation velocity is at least 1.5 mm/ s. The same thermal element is pulsed again to move the droplet 50 m further to the right, resulting in a new location shown in Fig.  2(c) . The importance of Fig. 2(a)-Fig. 2(c) is that a thermal element transported the droplet past the next adjacent thermal element. It is readily seen that the droplet can continue to move in the same direction by activating the adjacent thermal element. Only the number of thermal elements available limits the distance transported. Despite the differences in surface tension over the Au lines and the quartz surface, and despite the 400 nm height of the Au lines, the microfluidic manipulator was still able to readily transport the SO across the surface. The particular example shown in Fig. 2 illustrates that the topography of the heater array will eventually become an issue. The elongated drop in Fig. 2(a) and Fig. 2(f) is due to the SO being trapped against a heater line. In Fig. 2(a) and Fig. 2(f) the droplet can no longer move to the left or the right, respectively. To test the viability of this microfluidic device as an embedded preconcentrator within a MEMS sensor, TNT was adsorbed onto an earlier prototype microfluidic device with Au thermal lines 100 m wide, 25 nm thick, 3 mm long, at a 200 m pitch, and having a resistance of 123 ⍀, shown in the right column of Fig. 2 . , is a smaller droplet to the right of the droplet which undergoes coalescence due to the finite temperature resolution. Based on this observation, a more elaborate thermal mesh is been designed that allows for two-dimensional coordination.
TNT was absorbed onto the device surface by placing the surface 1.25 in. over a 1-in.-diam crucible filled with TNT infused sand (silica) maintained at 130°C. After 5 min the TNT vapors from the crucible are adsorbed onto the surface so that a coalescence of 10-m-diam droplets is produced. In Fig. 2(a) , 12 V was applied to the thermal element to the right in order to evaporate the TNT without disturbing the surrounding area. This is an example of localized removal by desorption. Then the thermal element to the left was pulsed at 37 V for 10 ms to demonstrate coalescence and transport speeds of 1 mm/ s for TNT, shown in the right column of Fig. 2(b)-2(f) . Once the TNT over a large region is assembled into a smaller region, the thermal elements can desorb the TNT to a microcantilever for sensing and detection. Note that initially the TNT directly over the thermal element desorbed because the temperature of the thermal line was greater than the vaporization point of TNT at 85°C. To minimize outright desorption loss over the thermal elements, the thermal lines should be designed to be as narrow as possible.
For this study the thermal elements are arranged in parallel and are adequate to demonstrate the feasibility of the microfluidic device. This design may be extended to two orthogonal layers of parallel thermal lines separated by an insulative thin film such as SiO 2 or Si 3 N 4 . Furthermore, the surface topography may be made smooth by depositing an insulative thin film over the thermal lines and made planar with chemical-mechanical polishing. In addition, the thermal elements may be Peltier Effect devices that heat or cool the surface. Using Peltier cells, a sharper ⌬T can be produced if one thermal element is heated while an adjacent element is cooled. The fabrication of a second generation microfluidic manipulator incorporating many of the design modifications discussed is currently under way. The primary aspect common to all embodiments described above is the ability for a thermal element to produce a sufficient ⌬T to transport fluid past the adjacent thermal element. With this capability, fluids may be manipulated.
